Abstract
Introduction
In the electronic industry the joining of various modules is essential process relying largely on the use of soldering technologies. The usage of Pb-containing solders has been restricted due to the lead toxicity [1] , which resulted in a development of new lead-free solder materials. Prospective lead-free solders on the basis of tin-dominated alloys with small additions of silver and copper were developed [2] . Another promising candidates are the Sn-Zn alloys although they possess some weaknesses [3] . Similarly to the Sn-Pb binary system, the Sn-Zn has a simple binary phase diagram with a single eutectic without intermetallic compounds. Ni substrate is among the components of future solder alloys as it is often used for metallization in electronic devices.
The purpose of the present work is to study the intermetallic compounds in the binary systems within the ternary Ni-Sn-Zn and to confirm the existence of ternary phases known from previous investigations.
Literature review of previous investigations of the systems

Ni-Sn system
Ni-Sn system is a relatively complex one. The high-temperature phase Ni 3 Sn 2 _HT occurs between 483°C and 1267°C. The low-temperature phase of Ni 3 Sn 2 _LT is stable below 575°C. The Ni 3 Sn 4 phase, which has a small homogeneity region, exists below 796°C.
Ghosh [4] and Miettinen [5] derived thermodynamic parameters for the Ni-Sn binary system. Ghosh adopted the Bragg-Williams-Gorsky model to treat the order-disorder transition of the Ni 3 Sn 2 compound. However, when an extended multi-component system comprises the Ni-Sn binary system this model might not be suitable due to the second order transition in the Ni 3 Sn 2 region.
Liu et al. [6] treated the Ni 3 Sn 2 transition as a firstorder transition. In the Ni-Sn binary system, five intermetallic compounds are formed: Ni 3 Sn_HT, Ni 3 Sn_LT, Ni 3 Sn 2 _HT, Ni 3 Sn 2 _LT, and Ni 3 Sn 4 . The formation enthalpies of Ni-Sn intermetallic compounds were obtained by Vassilev et al. [7] and by Flandorfer et al. [8] and the results are in a good agreement.
Riesenkampf et al. [9] found new (metastable) phase with composition close to NiSn 9 in Ni-Sn electrodeposits with 3-34 at.% Ni. At 100°C this phase decomposes to β-Sn and Ni 3 Sn 4 . Recently, Glibin et al. [10] suggested new thermodynamic assessment of nickel-tin solid and liquid alloys using graphical and analytical methods.
Ni-Zn system
The Ni-Zn phase diagram is retained from the studies of Vassilev et al. [11, 12] and Xiong et al. [13] . Four intermediate compounds are found in this system: β, β1, γ, and δ phases. The β phase is a hightemperature phase (stable between 675°C and 1040°C); the β 1 phase is a low-temperature one while γ phase is a γ-brass type with a homogeneity range of 74-85 at.% Zn. The δ phase is formed at 88.9 at.% Zn and 489°C through a peritectic reaction and has a very narrow homogeneity range. 
Sn-Zn system
The Sn-Zn binary system is a simple eutectic one with no intermetallic compounds. It was optimized by a number of authors starting with Srivastava and Sharma [14] . Later Lee [15] adopted a different thermodynamic model for the Sn-rich solid solution phase (β-Sn). Fries and Lukas [16] also assessed the system but used different unary data and a different temperature dependence of the zinc solubility in pure tin. The eutectic point is observed at 14.8 at.% Zn and 198.25°C. Fries and Lukas results [16] were selected for the COST 531 thermodynamic database [17, 18] .
Ni-Sn-Zn system
The Ni-Sn-Zn system was investigated extensively during the last years [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] . Gandova et al. [19] constructed a tentative isothermal section of the Ni-Sn-Zn phase diagram at 873 K. Four more isothermal sections were reported in the literature at different temperatures [20] [21] [22] [23] . Liquidus temperatures were obtained using differential scanning calorimetry (DSC). Gandova et al. [24] investigated the system with isopleths at different Ni content. The partial and integral enthalpies of mixing of liquid Ni-Sn-Zn alloys were determined at 1073 K by Plevachuk et al. [25] . The ternary Ni-Sn-Zn system was studied by using diffusion couples technique [26] [27] [28] [29] .
The three elements (Ni, Sn, Zn) and the respective binary phase diagrams were included in the thermodynamic database developed by the European concerted action [17, 18] . Table 1 presented crystal structure data and their homogeneity ranges in the binary systems.
Experiment
Diffusion couples of solid/liquid type were prepared. Each solid part consisted of a solid Ni while the respective liquid part contained preliminary synthesized Sn-Zn alloys with known Sn:Zn ratio (Table 2) . Granules of Sn and Zn (p.a.) and 99.99% pure Ni were used for the experiments. Three different compositions (i.e. corresponding to different Sn/Zn ratios) of the Sn-Zn melts were chosen. Evacuated borosilicate glass tubes, containing Sn and Zn (around 10 g) in the desired ratio and a cubic of nickel were prepared. The annealing of the diffusion couples was performed at 400 0 С for 5 days and 450 0 C for 8 days. At the experimental conditions the molten Sn-Zn alloys surrounds the solid Ni thus forming a solid/liquid (Ni)/(Sn+Zn) diffusion couples. After annealing the ampoules were quenched in cold water, and the samples were prepared for a scanning electron microscope characterization. The chemical composition of selected points was measured by an energy-dispersive spectroscopy (EDS) analysis. The concentration of Ni, Sn and Zn was obtained by quantifying the corresponding characteristic X-ray peaks (Mα, Kα and Lα, respectively).
Vickers microhardness of selected phases was measured using a PMT-3 device, applying a diamond pyramid as indenter. This method allows choosing the spot (point) where the measurement has to be done. In this study, a load of 50 g was applied for each measurement. Every phase in a sample was measured between 5 to 10 times, depending on the scattering of the microhardness values. Table 2 presents the length of the diffusion couples experiment, the different Sn:Zn ratio and and annealing temperature. 
Results and Discussion
The experimental results obtained in this work after SEM analyses are shown in Tables 3. In most cases the predominant phases are Ni 3 Sn 4 , T1 and γ -Ni 5 Zn 21 .
Micrographs of samples N o 1, 3 and 6 from diffusion couple experiments (Table 2) are shown in Figs. 1, 3 and 5, respectively. Layers of Ni 3 Sn 4 and the ternary compound T1 have grown at 400 0 C between (Ni) and the former liquid phase with initial Sn:Zn atomic ratio of 3:1 (Fig. 1) . All binary phases from the Ni-Zn system and Ni 3 Sn_LT and Ni 3 Sn 2 _LT from the Ni-Sn system were not observed at that composition. Fig. 2 shows the x-ray spectrum of the ternary compound T1. All three elements Ni, Sn, and Zn are observed which confirms the presence of T1 in the sample. The micrograph of sample N o 3 (Fig. 3) shows layers of γ-phase (Ni 5 Zn 21 ) and the ternary compound T1, which has grown between (Ni) and liquid phase at 400 0 C. In the latter case the initial tin vs. zinc atomic ratio is 1:3. Except for the Ni 5 Zn 21 no other binary intermetallics are observed. Fig. 4 presents the concentration profile of the same sample after the SEM analyze. According to the results, the sample contains no oxygen which confirms that the zinc did not oxidize during the heat treatment. The results of the microhardness measurements of the Ni-Sn-Zn intermetallic compounds, obtained using a load of 50 g are shown in Table 4 . For verification, the nickel and the liq-Sn phase microhardness in all samples was measured. According the results, the hardest phase was γ-Ni 5 Zn 21 followed by T1 except Ni while the softest phase was liquid Sn.
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The results of this work were used to construct the diffusion paths in the ternary Ni-Sn-Zn system ( Fig.  6 and Fig. 7 ). Fig. 6 presents the diffusion paths for samples 1-3 (Table 2) calculated phase diagram at the same temperature 400 0 C. All of them start from the liquid phase and converge into pure nickel. One passes along phases connected with Ni-Zn system, another along phases connected with Ni-Sn system but all paths end at the ternary compound T1. Such absences of some equilibrium phases are observed often when diffusion couple experiments are performed and can be explained by nucleation difficulties connected with negligibly thin layer of the pertinent phases.
The similar results were seen in Fig. 7 . Diffusion paths for samples 4-6 (Table 2) are shown on the calculated phase diagram at the same temperature 450 0 C. All paths start from the liquid phase and finish into pure nickel and the ternary compound T1.
Conclusions
Diffusion couples in the Ni-Sn-Zn system were prepared and investigated by scanning electron microscope at two temperatures: 400 0 C and 450 0 C and by microhardness measurements. Experimental data about the diffusion paths was obtained. The existence of the ternary compound T1 in the Ni-Sn-Zn system is confirmed by diffusion couples technique. In the Ni-Sn-Zn system, depending on the initial composition of the liquid phase in th diffusion couple, the diffusion paths go either through the ternary compound T1 or through the γ-Ni 5 Zn 21 phase or Ni 3 Sn 4 . 
